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Intravoxel Incoherent Motion (IVIM)

Radiology, 1986



Intravoxel Incoherent Motion (IVIM)





• IVIM didn’t work well in late 80’s and early 
90’s because of CSF pulsation dominating 
signal as well as intrinsically low sensitivity.

• It was a nice idea that was partially 
implemented for removing intravascular 
signal to increase BOLD specificity. 

• Still has potential clinical applications 
today…just not brain activation.
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Susceptibility Contrast agent bolus injection and time 
series collection of T2* or T2 - weighted images

Blood Volume Imaging

Resting    Active



Susceptibility Contrast
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Slower



Addition of paramagnetic compound to blood

H2O

Courtesy Larry Wald

Blood Volume
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Fuyrmoxotol

• used by patients with iron deficiencies

• either taken orally or IV injection

• half life in blood of 10-15 hours.
• susceptibility contrast agent like gadolinium 

but doesn’t “wash out” 
• can be used to study blood volume dynamics 

and resting state blood volume fluctuations –

in humans.
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Anatomy

BOLD

Perfusion

P. A. Bandettini, E. C. Wong, Magnetic resonance imaging of human brain function: principles, 
practicalities, and possibilities, in "Neurosurgery Clinics of North America: Functional Imaging" (M. 
Haglund, Ed.), p.345-371, W. B. Saunders Co., 1997. 



GK Aguirre et al, (2002) NeuroImage 15 (3): 488-500

Better than BOLD for long duration activation…



24 hr

ASL

Perfusion vs. BOLD: Low Task Frequency

Wang et al., 2002



New ASL techniques: 

CASL (tagging based on location and velocity)
PCASL (pseudo-continuous CASL)
PASL (tagging based on location)
VS-ASL (tagging based on location and velocity)
---
TASL (territorial ASL)
VE-ASL (vessel encoded ASL)
---
ASL at multiple TI’s

Arterial Spin Labeling in neuroimaging 
Petcharunpaisan, Ramalho, Castillo
World Journal of Radiology, 2010
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R. D. Hoge, et al, PNAS 96: 9403-9408, 1999

Activation-induced 
CMRO2 changes

Visual = green
Hypercapnia = white

-requires a global hemodynamic stress 
-assumption is that CMRO2 unchanged with global stress
-requires simultaneous flow and BOLD collection
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H. Lu, et al, MRM 50: 263-274, 2003

Activation-induced Blood Volume Changes: “VASO”

Null blood based on T1 difference between blood and tissue
..more blood -> less signal.
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[Huber et al., NeuroImage, 2015]
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[Lu  et al., MRM, 2003]
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Functional Structure 
Changes < 0.8 mm

right tapping

resol. 4mmresol. 3mmresol. 2mmresol. 1mmresol. 0.75mm



Digit Representation 
in M1

VASO

BOLD

VASO retest
Flexion (compressing)

Extension (spreading)

task

color code

task



Digit representations appear to be 
organized by  opposing movements



Layer Activation in a Working Memory task 



Upper layers

Deeper layers

Maintain & Manipulate Go & No-Go
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Intracellular
Current

Magnetic Field

Adapted from: J.P. Wikswo Jr et al. J Clin Neurophy 8(2): 170-188, 1991

Surface Field Distribution Across Spatial Scales

Neuronal Currents



25 mV
10 s

In Vitro Results
Newborn rat brains have been found to exhibit spontaneous 
and synchronous firing at specific frequencies

Cortex

Striatum

Subthalamic nucleus

Globus Pallidus

Plenz, D. and S.T. Kital. Nature, 1999. 400: p. 677-682.



Power decrease between PRE 
& TTX EEG : ~ 81%

Decrease between PRE & 
TTX MR phase: ~ 70%

Decrease between PRE & 
TTX MR magnitude: ~ 8%

N. Petridou, D. Plenz, A. C. Silva, J. Bodurka, M. Loew, P. A. 
Bandettini, Proc. Nat'l. Acad. Sci. USA. 103, 16015-16020 (2006).

TTX

EEG MR (7T)



• A single dendrite produces a field of about 0.002 
fT at the surface of the skull

• MEG field measurement at surface of skull = 100 
fT, produced by about 50K dendritic bundles

• If these bundles are clustered in a voxel 
(containing the dipole), then within the voxel, they 
would produce a field shift of 0.2 nT.





PNAS
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Signal Enhancement by Extravascular Water Protons
(SEEP)



Signal Enhancement by Extravascular Water Protons
(SEEP)
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K. Miller, et al Proceedings of the 
National Academy of Sciences of the 
United States of America 104 (52), pp. 
20967-20972 

D. Le Bihan, et al Proceedings of the 
National Academy of Sciences of the 
United States of America 103 (21), pp. 
8263-8268 

Decrease in diffusion coefficient
with cell swelling?
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The frequency of the MR signal of water 
depends on temperature and changes with 
a coefficient of about 0.01 ppm / degree C

Yablonskiy, D. A., J. J. H. Ackerman, et al. (2000). "Coupling between 
changes in human brain temperature and oxidative metabolism during 
prolonged visual stimulation." Proceedings of the National Academy of 
Sciences of the United States of America 97(13): 7603-7608
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Increases in Stiffness…
ISMRM 2019
Simultaneous fMRE and fMRI measures the viscoelastic and 
BOLD responses of the human brain to functional activation in 
the visual cortex
Patricia S. Lan1, Kevin J. Glaser2, Richard L. Ehman2, and Gary 
H. Glover3



Increases in Stiffness for slow on/off

Decreases in Stiffness for fast on/off

36 second on / 36 sec off: Increase in shear modulus of 0.37kPA

hemodynamic effect

840ms on / 840ms off: Decrease in shear modulus of 0.4kPA

“One potential mechanism is water influx after ionic changes that translates 
cellular osmotic pressure into hydrostatic pressure."

ISMRM 2019
Spatial-temporal dynamics of the visual cortex 
stiffness driven by a flashing checkerboard 
stimulusJose de Arcos1, Daniel Fovargue1, Radhouene
Neji2, Sam Patz3, and Ralph Sinkus4
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Imaging of glutamate and γ-aminobutyric acid (GABA)



80% neurons excitatory (Glutamate is neurotransmitter)
20% neurons inhibitory (GABA is neurotransmitter)



7T Combined fMRI-fMRS
Multiscale Investigation of the 
Motor Cortex during Active and Resting States 
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Functional Magnetic Resonance Spectroscopy + fMRI  

L

Adjust Volume = Green
40mm x 20mm x 20mm

(TR = 40ms, TE = 25ms)

Collective TR = 4 seconds



R2 = 0.121, p < 0.0001, 95% CI [0.231, 0.455] 

BOLD timecourse

Task Paradigm
Glutamate timecourse

Possible delay in depletion of glutamate pool
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